Methodology for the Assessment of Changeability of Production Systems Based on ERP Data  by Potente, G. Schuha T. et al.
2212-8271 © 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor 
D. Mourtzis and Professor G. Chryssolouris. 
doi: 10.1016/j.procir.2012.07.071 
 Procedia CIRP  3 ( 2012 )  412 – 417 
45th CIRP Conference on Manufacturing Systems 2012 
Methodology for the Assessment of Changeability of Production 
Systems Based on ERP Data 
G. Schuha, T. Potentea, S. Fuchsa, C. Hausberga,* 
aLaboratory for Machine Tools and Production Engineering (WZL) of RWTH Aachen University, Steinbachstraße 19, Aachen 52074, Germany 
* Corresponding author. Tel.: +49-241-8027388; fax: +49-241-8022293.E-mail address: c.hausberg@wzl.rwth-aachen.de 
Abstract 
In the context of the increasing turmoil not only in the finance sector but also in matters of environment, politics, law and society 
the changeability of an enterprise is becoming an increasingly important success factor. The assessment of changeability has seen 
different approaches, most of them only of qualitative nature. Those that use qualitative measures usually depend on estimated 
figures which are highly subjective. This paper deals with the use of ERP feedback data as objective input as well as its processing 
and visualization in an online-based software tool, with the goal to assess the changeability of production systems. 
 
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor D. Mourtzis and 
Professor G. Chryssolouris. 
Keywords: Assessment of Changeability; Measuring Changeability; Production systems 
1. Introduction 
Many areas face increasingly dynamic developments, 
such as the financial markets, politics, law, society or the 
environment and climate. In addition, companies are 
challenged with internal turmoil, such as changes in the 
internal organizational structure or resource availability. 
Those permanent changes that companies are faced with 
[1] require more than just flexibility. Companies need 
innovative approaches to reconfigure their adjusting 
levers. The new target is changeability beyond flexibility 
[2] in order to adapt to the changing environment as 
quickly as possible and with as little investment as 
possible. 
This Paper deals with a major problem regarding 
changeability of production systems: How can 
changeability be measured and is there an objective way 
of measuring? 
2. State of the Art 
Although many approaches to assess and influence 
the changeability of production systems – which this 
paper focuses on – have been developed in the last two 
decades, there is still a struggle to quantify the degree of 
changeability of a system.  
Many methods are based on subjective figures which 
might be an explanation for the fact that this subject has 
not reached an industrial significance yet. 
This paper will introduce a possibility to use 
objective data and a software tool as an easy-to-use 
approach to assess the degree of changeability of 
production systems.  
But first, it will try to give an overview over 
theoretical concepts of changeability and distinguish it 
from related terms like flexibility and responsiveness. 
2.1. Changeability vs. Flexibility vs. Responsiveness 
The changeability of production systems has been 
investigated under different aspects.[3] Nyhuis points 
out that different authors have focussed on different 
areas of changeability [4]: some have inspected 
technological changeability and called it 
“reconfigurability“ [3], others have dealt with 
organizational „agility“.[5] Moreover, there has not 
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always been a clear line between changeability and 
flexibility.  
Various authors agree that flexibility has a rather 
static character where flexible changes are already 
planned at the moment when a certain system is being 
determined. Flexibility therefore is merely a pre-defined 
reaction on predictable changes of the system.[6]  
Changeability however is regarded to go beyond 
flexibility.[7] From the management/ organizational 
point of view, the focus lies on change processes.[8] It 
explicitly regards and includes the employees as key 
drivers of the process [9] as acknowledgment that 
production systems are not only purely technical but 
socio-technical systems.[10] Change processes are 
determined by three system characteristics, namely the 
degree of complexity, the degree of dynamics, as well as 
the degree of cross linkage between the system´s 
elements.[7] 
Authors with an engineering background see 
changeability as the potential for change. It therefore 
represents a potential for performance and not a 
performance level itself.[11, 12] 
Nyhuis defines that changeability and flexibility are 
interdependent.[4] His definition, which shall be used 
henceforth, states that flexibility represents the 
capability to react to changes within a pre-defined 
scenario corridor (or a pre-defined reaction on 
predictable changes, see above), whereas changeability 
allows to leave this pre-defined corridor without 
requiring a significant financial and time-wise effort.[13] 
Westkämper adds that part of changeable production 
systems has to be a purposefully applicable variability 
regarding its processes, actions and structure which 
allows not only to react on changes but also to anticipate 
them and act accordingly in advance. The necessity to 
act can be induced by changes of the system as well as 
by changes of the system´s environment.[15] 
In this context, the adaptation to new conditions 
includes both organizational as well as technological 
changes: both changeability as well as flexibility adapt 
to new system conditions by altering one or more of the 
following factors: changes regarding the product, the 
quantity of the product, time, cost, quality or the 
system´s objects (that make up the production 
system).[16, 4] 
In practice, despite this clear theoretical 
differentiation between the two terms, it is still difficult 
to identify whether a certain measure, e.g. the 
introduction of a weekend production shift, shall be 
considered as a measure of flexibility or changeability. 
A reflection of the definition of responsiveness (as a 
constituent of changeability) can help at this point. 
According to Dürrschmidt, responsiveness is the 
potential to react on unpredicted, sudden events.[17] It is 
therefore the event (or the degree of turbulence of the 
environment) that defines whether a certain measure 
belongs to flexibility or responsiveness.  
After having clarified the difference between 
changeability, flexibility and responsiveness, we will 
examine the optimal amount of changeability. 
According to Schuh it is often neglected that 
changeability underlies the principle of diminishing 
marginal utility. Its relative advantage decreases as the 
total degree of changeability increases, whereas the cost 
for providing that degree of changeability increases 
exponentially.[18] Regarding the described curves, it is 
evident that there must exist an optimal level of 
changeability. Therefore it is not the goal to strive for 
the highest possible degree of changeability [18], but for 
highest level of net utility of changeability. This means 
that it is completely sufficient to be able to adapt to the 
actually occuring changes within the individual 
production system, instead of being prepared for all 
possible changes. But unfortunately herein lies a 
problem: the “actually occuring changes“ induced by the 
turbulent environment are not predictable in most cases. 
The goal therefore is to find a realistic amount of 
changeability which bases on realistic and sufficiently 
probable scenarios as well as on the company´s 
possibilities.[4] 
2.2. Measuring changeability 
Another key issue besides estimating the necessary 
“amount” of changeability is its measurement [19, 20]. 
Hernandez points out that the necessary degree of 
changeability is highly individual. As a “synthetic meta 
property” it is dependant on different system 
characteristics and dimensions.[7] There have been 
numerous attempts to develop methods for the 
measurement of changeability.  
Nofen and Hernandez have developed morphologic 
attribute schemes, using a series of schemes to evaluate 
the “inner” and “outer changeability”. All measures are 
estimated only qualitatively. [21, 22]  
Wiendahl takes a similar approach, but instead of 
depicting the measures for each asset in a morphologic 
scheme, he creates a goal tree, where the measured 
attributes are sorted by the same changeability elements 
as stated above. Finally, he aggregates the (weighted) 
scores of each attribute to obtain one final measure for 
the asset´s changeability.[23]  
Spath has developed a five step process to increase a 
company´s changeability, which includes a qualitative 
evaluation of different dimensions of flexibility and an 
Economic Value Added-concept that quantifies the value 
added resulting from an increase of those flexibility 
dimensions. It also includes an assessment of the 
company´s ability to create and utilize knowledge.[24] 
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Heger identifies a direct connection between 
changeability and adaptation processes of companies, 
resulting in his investigation of those processes. An 
adaptation process can be assessed regarding efficiency 
and effectivity, which in turn are described by different 
attributes. According to Heger, attributes that influence 
the effectivity of an adaptation process include its target 
orientation and speed. Speed in turn can be described 
through the attributes duration and intensity, where the 
intensity is defined by the impact width (which measures 
the amount of objects that are being changed) and depth 
(which evaluates the success of reaching the intended 
goal). Efficiency can be circumscribed as the cost 
benefit ratio [8] for carrying out the adaptation process.  
On this basis, Heger introduces three tools:  
x a changeability potential analysis based on the 
adaptation process´s width, depth and duration, 
which define the company´s individual amount 
of changeability 
x an economic analysis to evaluate the monetary 
advantages of additional changeability 
x a cost-utility-analysis to quantify non-monetary 
issues.[8]  
Haller also deploys a cost-utility-analysis for criteria 
that cannot be quantified, and a cost/ investment analysis 
in order to quantifiy the company´s “operative” and 
“strategic flexibility”.[25]  
Mayer has introduced a “capacity-dependant direct 
costing calculation” to evaluate the cost of specific 
adapting actions within a company.[26]  
Gronau and Wildemann have developed the 
“Adaptability Analyzer”-software which combines 
attribute schemes with Heger´s approach of measuring 
the effort of executing adaptation processes. In order to 
measure the business-specific changeability, the 
software allows the evaluation of the effort necessary to 
conduct change processes within the company. The 
technical changeability on the other hand is evaluated 
using a pre-defined multi-criteria catalog which has been 
derived from factory planning indicators. The outcome is 
then compared to a benchmark reference model.[27] 
2.3. Shortfall 
Despite the existence of different approaches to 
quantify the amount of changeability as well as its cost, 
Nyhuis stated 2008 that there is still a lack of qualified 
evaluation systems.[4] And indeed it has to be noticed 
that many approaches are purely qualitative, and many 
others that are quantitative rely on user-based 
estimations regarding the input data: attributes are 
measured on a scale (from 1 to 10 for example), which 
makes them highly subjective. This might be an 
explanation for the fact that methodologies for the 
assessment of changeability have not gained significant 
practical relevance yet. The identification of objective 
data for the assessment of changeability might lead to a 
better acceptance in the industrial application. 
However it is important to point out that whereas the 
subjective estimation of input data is critical and leaves 
room for improvement, the estimation of factors that are 
used to aggregate the input data into a final “degree of 
changeability” is not critical: on the contrary, the 
aggregation of the input data has to be subjective in 
order to reflect each system´s individual changeability 
characteristics and dimensions. But the input data itself 
should not be based on estimations if there was a 
possibility to use valid objective data.  
The goal of the Laboratory for Machine Tools and 
Production Engineering (WZL) is therefore to develop a 
methodology for the assessment of changeability, based 
on objective, impartial numbers. An obvious solution is 
the use of data from the Enterprise Resource Planning 
(ERP) system. This would also allow for an analysis of 
real time data “on the fly” and an immediate reaction as 
is the case with modern APS systems (advanced 
scheduling and planning).[28] 
3. Measuring changeability based on ERP data 
The challenge is to identify a set of useful feedback 
data and relate it with a time component and an effort 
component. This would allow for drawing conclusions 
as to how much time and effort were needed for the 
production system to change from one state to the other. 
This dependency of change, time and effort correlates 
with Nyhuis´ formula for the calculation of the “degree 
of changeability”:  
effort 
 time
change 
ityChangeabil of Degree '
'
'
      (1) 
One could argue at this point, that feedback data from 
the past might not be valid for future changes of the 
production system. Why should the change from one 
state to the other be achievable at the same amount of 
effort and within the same time span repetitively? The 
previous definition of changeability as being the 
potential to change scenario corridors with few effort 
gives the answer: if the production system has a certain 
degree of changeability, then the framework for 
changing from one state to the other is set and similar 
changes should be possible in a similar amount of time, 
with a similar amount of effort. (Learning effects of the 
organization shall be neglected at this point.) 
Using Nyhuis formula, it will be difficult to aggregate 
all considered changes that are of importance for the 
user, and connect them with the total time and effort 
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spent to implement the changes. It is therefore suggested 
to calculate several different ratios by means of above 
mentioned formula, based on different ERP data.  
ERP data regarding the output of the production 
system as well as the time and effort that were necessary 
to adapt it to a different demand could be used to 
calculate the “capacity adaptation”-ratio for example: the 
output of a specific resource or of the entire production 
system could be measured and defined as the “state 1” 
output. After implementing changes which influence the 
output, the new output would be defined as the “state 2” 
output. The effort to carry out the change, measured for 
example as the cost for the amount of man hours needed, 
and also the time necessary to implement the change 
would be quantified.  
Using the ratio of capacity adaptation as one of many 
possible ratios, the degree of changeability would have 
to be aggregated from several ratios.  
As we have learned from Hernandez, the degree of 
changeability as a synthetic meta property is highly 
individual (see chapter 2.1). It is clear therefore, that also 
the factors in the calculation of changeability will 
compose of different system characteristics and 
dimensions, varying from system to system. 
It is suggested therefore to measure changeability 
differently for every production system which implicates 
to use different ratios that should obviously match the 
user´s preferences regarding their importance. 
The different ratios could be estimated based on the 
key elements of changeability (universality, modularity, 
compatability, mobility and scalability). 
The above mentioned capacity adaptation ratio would 
belong to the changeability element “scalability”.  
A ratio to measure the mobility of a production 
system could be based on the time and effort it takes to 
change information and material flows. 
A ratio to measure the universality of a production 
system could be based on the variation of throughput 
time and number of production processes. The 
elimination of processes (accomplished in a certain 
period of time Δ time and resulting in a decreasing 
production effort Δ effort) in combination with its effect 
on the production system´s throughput time (as Δ 
change) could measure the material flow universality.  
Figure 1 gives an overview of potential ERP data to 
be used, as well as possible ratios that could be derived. 
A specific ratio (Δ change/ effort) would then be 
measured over a certain period of time during which a 
change in the production system would be carried out. 
New ratios would have to be developed according to the 
ERP data available and the user´s preferences regarding 
the diagnostic value within his specific production 
system. 
The relation of the ratio to the passed time span 
(ratio/ Δ time) would lead to a changeability factor. 
Those factors could then be aggregated with user-
estimated weighting factors into a final figure – 
corresponding with Wiendahl´s methodology in the goal 
tree – which would quantify the final degree of 
changeability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Potential ERP data for measuring changeability  
4. Tool to measure changeability 
At the Laboratory for Machine Tools and Production 
Engineering, WZL, an online-based tool for the 
visualization of production data has already been 
developed as an initial platform for additional 
applications that will in the end allow an aggregation of 
ERP data into measures of changeability.  
The platform is called WoPS (“Wertstromorientierte 
Produktionssteuerung”, value stream oriented production 
control [29, 30]) and consists of several applications that 
are fed via a defined user interface with data in csv-
format. It therefore provides the possibility to supply the 
online tool with ERP data. 
The existing functions that have already been 
implemented enable employees to better understand the 
influences of different actions on their production 
processes. Existing applications within WoPS are 
x Tools to monitor production data 
x Throughput 
x Throughput time 
x Work in process (WIP) 
 
x Tools to support the structuring in production 
x Process communalities: The input of work 
schedule, resources (machines) and their 
relations (material flow) leads to the 
visualization of cross linkage between the 
resources which can be used to analyse possible 
segmentations within the production. 
416   G. Schuh et al. /  Procedia CIRP  3 ( 2012 )  412 – 417 
 
x Leveling process:  The input of orders, 
resources and process time leads to the 
visualization of the resource´s work load which 
can be then intuitively leveled out for less 
volatility within the production. 
x Capacity load: The input of total process time 
during a certain time span per resource lead to 
the visualization of all resource´s utilization. 
 
The analysis of ERP data with the online-based 
software tool WoPS is an excellent platform to build on. 
The goal is to develop a new application that will 
measure and visualize a production system´s 
changeability and make it a new tool in the WoPS tool 
box. 
Additional applications as an extension of the already 
developed WoPS functions will allow the assessment of 
the production system´s changeability. The application´s 
methodology would consist of following steps 
1. Define  
a. ratios and changeability factors according to the 
user´s preferences  
b. weighting factors for the aggregation of the 
changeability factors into a final degree of 
changeability, based on the user´s preferences 
(a qualitative estimation of the importance of 
each changeability factor for the specific 
production system) 
2. feed the WoPs application with the production´s 
feedback data out of the ERP system,  
3. analysis using the WoPS application  
4. visualization by the WoPS application.  
 
The mix of objective input data from the ERP system 
and also the user-specific definition of changeability and 
weighting factors ensures the validity of the output data, 
while also taking into regard the individual production 
system´s characteristics and dimensions and the user´s 
preferences. 
The analysis would have to enable an automatic 
calculation of pre-defined change-effort-ratios (see 
Figure 1) based on the uploaded ERP data. As 
mentioned in the example in chapter 2.3, the ratio of 
output change to invested man hours would lead to the 
changeability factor “capacity adaptation” for example. 
The user would then specify the time span during which 
changes to production system were made. The software 
would use this input to calculate the ratio-specific 
changeability factor. Corresponding with the 
methodology described in chapter 2.3 several 
changeability factors would then be aggregated by the 
software in order to deliver the final degree of 
changeability.  
The visualization concept can be seen in Figure 2. It 
shows the online-based user interface of the WoPS 
platform with a preliminary version of an application 
capable of measuring the changeability factor “capacity 
adaptation”. In the top picture the user can choose from 
several changes that have occurred or that have been 
carried out within the production system and he can also 
choose from several types of effort that were necessary 
to handle or conduct this change. In this case, he has 
chosen the number of orders/ machine hours to be the 
quantity that has (been) changed and the number of 
employees as the measure that quantifies the effort that 
was necessary to cope with the change. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Realized changes in comparison to necessary effort –selection 
(top) and visualization (bottom) 
The bottom picture of Figure 2 shows the visualized 
results calculated by the software. The user is able to 
manually select the level of detail by adapting the input 
data or using different filter functions within the tool. 
In this case, an increase of orders (induced by the 
environment) can be seen (on the change side) between 
January and April. It can also be seen that on the effort 
side the change didn´t induce additional effort until the 
end of May. By analyzing these two curves it is evident 
that the company was not able to adapt its employee 
capacities quickly. It took the production system several 
months to react on the changes with an increase of the 
employee´s total operating hours. In an ideal scenario, 
the curves´ progression would have been similar 
regarding both the magnitude as well as the time.  
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In order to keep an overview over the time difference 
between occurring changes and necessary effort, the 
time frame of the data analysis can be selected manually 
within the tool by a time bar (purple element at the very 
bottom of Figure 2).With the data acquired, the software 
calculates the resulting ratio of Δ change/ Δ time / effort 
which will then be used to express the changeability 
factor “capacity adaptation”. The inclusion of other 
changeability factors will deliver a final degree of 
adaptability.  
5. Summary and outlook 
This paper suggests to develop a methodology for the 
assessment of changeability based on objective data 
from the company´s ERP system. 
The WoPS tools that have been developed at the 
WZL pave the way for additional functions that will 
allow the assessment of ERP data regarding the 
production system´s changeability.  
The functions that have already been implemented are 
capable of structuring ERP data and providing control 
functions through visualization. This contributes to 
being able to cope with changes induced by external 
factors and reacting accordingly. Since these tools create 
a high transparency of shop floor activities, the operators 
are enabled to handle disturbances better. 
It is the WZL´s goal to develop the tool further in 
order to implement functions that will allow the 
measurement of changeability. This will contribute to an 
improvement of production control in the same manner 
as the existing functions have: using objective feedback 
data from the ERP system will give operators the 
possibility to analyze the impact of changes in the 
production in relation to the invested effort, which will 
support realistic analysis, evaluation and decision 
processes in an interactive way. 
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